OPTICAL CROSS -CONlilECT APPARATUS 

BACKGROUND OF THE INVENTION 

(1) Field of the Invent:ion 

5 This invention relates to an optical cross-connect 

apparatus and, more particularly, to an optical cross-connect 
apparatus for performing optical cross-connection of wavelength 
division multiplex (WDM) signals . 

(2) Description of the Related Art 

10 Optical communication networks form the nuclei of 

telecommunication networks and are expected to provide more 
advanced services in a wider area. In particular, WDM which 
is central to optical transmission systems has advanced swiftly. 
WDM multiplexes a plurality of optical signals with different 

15 wavelengths into a single optical fiber. 

On the other hand, to build immense photonic networks, 
WDM systems are connected to one another to form ring networks 
where each node is connected in a circle, mesh networks where 
nodes connected form the shape of a mesh, and the like. One 

20 of key technologies for building such networks is optical 
cross-connect (OXC) apparatus . 

OXC apparatus are installed in nodes on networks for 
performing switching to output an optical signal inputted to 
an input port to a target output port or for adding or dropping 

25 an optical signal . Usually large-scale spatial optical matrix 
switches including microelectro-mechanical systems (MEMSes) 
are used in the switching sections of OXC apparatus . Development 
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of OXC apparatus which can switch about: 1,000 channels Is 
proceeding . 

With conventional OXC apparatus , wavelength conversion 
Is performed by a wavelength converter (transponder) . In this 
5 case , a WDM optical signal transmitted Is separated by an optical 
demultiplexer . Then obtained optical signals are converted to 
electrical signals and are converted to optical signals again. 
That Is to say, optlcal-electrlcal-optlcal (OEO) conversion 
Is perf ormed. These optical signals are Inputted to an optical 

10 matrix switch and are switched. Then the optical signals are 
wavelength-converted again by a transponder, are combined by 
an optical multiplexer, and are transmitted to the next stage 
as a WDM signal (see, for example, Japanese Unexamined Patent 
Publication No . 2000-134649, paragraph nos . [0020] - [0037] and 

15 Fig. 1). 

With the conventional OXC apparatus , however , optical 
switching Is realized by an optical matrix switch made up of 
switch cells in which micro electromechanical parts, such as 
MEMSes, are used, so the maximum number of channels handled 
20 is about 1 , 0 00 due to difficulty in fabricating highly integrated 
opticaOL switching elements, the complexity of control, etc. 
A. 1000 . times . 1000 channel switch has a throughput of 10 Tbits/s 
at most- 

Accordingly, the conventional OXC apparatus cannot 
25 perform the switching of more than 1,000 channels, so the 
development of next-generation multimedia networks cannot be 
expected. 
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SUMMARY OF THE INVENTION 
The present Invention was made under the background 
circumstances described above. An object of the present 
5 Invention is to provide an optical cross-connect apparatus which 
realizes high throughput by performing large-scale switching. 

In order to achieve the above object, an optical 
cross-connect apparatus for performing optical 
cross-connection of optical signals is provided. This optical 

10 cross -connect apparatus comprises an input optical signal 
processing section for converting wavelengths contained in each 
input 'WDM signal into wavelengths the number of which is equal 
to that of WDM signals, for compressing the pulse widths of 
the WDM signals by dividing the pulse widths by the number of 

15 the wavelengths contained in each input WDM signal, and for 
performing a phase shift so that the phases of a plurality of 
compressed signal will not be the same, a wavelength switching 
section including passive optical devices for distributing the 
optical signals processed by the input optical signal processing 

20 section according to wavelengths , and an output optical signal 
processing section for converting wavelengths contained in the 
optical signals, distributed by the wavelength switching section 
into wavelengths recognized from the phases of the optical 
signals , for expanding the pulse width of the optical signals , 

25 and for outputting WDM signals. 

The above and other objects, features and advantages 
of the present invention will become apparent from the following 
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descrlp-tlon when -taken In conjunction with the accompanying 
drawings which illiis'trat:e preferred embodimen'ts of the present 
inven'tion by way of example. 



5 BRIEF DESCRIPTION OF THE DRAWINGS 

Fig . 1 is a view for describing the principles underlying 
an optical cross -connect apparatus according to the present 
invention . 

Figs. 2 (A) and2 (B) give an outline of processes performed 
10 by an input optical signal processing section and an output 
optical signal processing section respectively. 
Fig. 3 shows the flow of signals. 

Fig. 4 shows optical fiber transmission between 
stations . 

15 Fig. 5 shows the characteristics of an optical fiber. 

Fig. 6 shows wavelength regions used in optical 
transmission by an SMF. 

Fig. 7 is a view for describing how to calculate the 
throughput of optical fiber transmission between stations . 
20 Fig. 8 is a view for describing how to calculate the 

throughput of intra-apparatus optical fiber transmission. 

Fig. 9 shows the an outline of the structure of an OXC 
apparatus . 

Figs. 10(A) and 10(B) are views for describing cross 
25 talk. Fig. 10(A) being a view showing a state in which cross 
talk has occurred. Fig. 10(B) being a view showing a state in 
which cross talk does not occur. 
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F±g . 11 shows tiie st:ruct:ure of a X-XC apparat:us including 
a modif ica-tion of t:he waveleng'bh switching section. 

Fig. 12 shows signals at the points A through E shown 
in Fig. 11. 

5 Fig. 13 shows the structure of an input optical signal 

processing section according to a first embodiment. 

Fig. 14 shows the structure of an input optical signal 
processing section according to a second embodiment. 

Fig. 15 is a view for describing the operation of a NOIiM 
10 and a control pulse generation section. 

Fig. 16 shows the structure of an output optical signal 
processing section according to a first embodiment. 

Fig. 17 is a view for describing flattening control of 
a wavelength dispersion slope. 
15 Fig. 18 shows the structure of an output optical signal 

processing section according to a second embodiment. 

Fig. 19 shows the structure of an output optical signal 
processing section according to a third embodiment. 

Fig. 20 is a view for describing the principles underlying 
20 an optical cross-connect apparatus according to the present 
invention . 

Fig. 21 shows the flow of signals. 

Fig. 22 shows the structure of the X-XC apparatus in 
which a factor in the occurrence of cross talk lies. 
25 Fig. 23 shows the structure of the X-XC apparatus in 

which cross talk will not occur. 

Fig. 24 shows an example of a blocking type switch. 
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Fig. 25 shows an example of a non-blocking t:ype switch. 
Fig. 26 shows the state of paths after switching. 
Fig . 27 shows the structure of a non -blocking type spatial 

switch . 

Fig . 28 shows the structure of a non -blocking type spatial 

switch. 

Fig . 2 9 shows the structure of a non -blocking type spatial 

switch . 

Fig . 30 shows the structure of a non -blocking type spatial 

switch. 

Fig. 31 shows the structure of a non -blocking type X-XC 
apparatus . 

Fig. 32 shows connection relations between optical 
signal processing sections and multiplexers . 

Fig . 33 shows the correspondence between a X-XC apparatus 
and a spatial switch . 

Fig . 34 shows the correspondence between a X-XC apparatus 
and a spatial switch. 

Fig. 35 shows the structure of a non-blocking type X-XC 
apparatus . 

Fig . 36 shows the correspondence between a X-XC apparatus 
and a spatial switch. 

Fig . 37 shows the correspondence between a X-XC apparatus 
and a spatial switch. 

Fig. 38 shows the spread of a modulation band for a 
compressed pulse. 



DESCRIPTION OF THE PREFERRED EMBODIMENTS 



Embodiments of 'the present invention will now be 
described with reference to the drawings. Fig. 1 is a view for 
describing the principles underlying an optical cross-connect 
5 apparatus according to the present invention. An optical 
cross-connect apparatus 1 performs optical cross-connection 
of optical signals and comprises input optical signal processing 
sections 11-1 through 11-5, wavelength switching sections 12-1 
through 12-5, and output optical signal processing sections 

10 13-1 through 13-5. When components of the same type are 
mentioned in block in the following description, the figures 
after the hyphens will be omitted (for exan^le , the input optical 
signal processing sections 11-1 through 11-5 will be referred 
to as the input optical signal processing section 11) . 

15 The input optical signal processing sections 11-1 

through 11-5 perform a wavelength conversion, pulse width 
compression, and a phase shift on WDM signals inputted via a 
trunk network and output them. The wavelength switching 
sections 12-1 through 12-5 include demultiplexers (arrayed 

20 waveguide gratings abbreviated as AWGs) 12a-l through 12a-5 
and multiplexers (optical couplers) 12b-l through 12b-5 
respectively. These demultiplexers and multiplexers are 
passive optical devices . The wavelength switching sections 
12-1 through 12-5 distribute the optical signals processed by 

25 the input optical signal processing sections 11-1 through 11-5 
according to wavelengths . The output optical signal processing 
sections 13-1 through 13-5 perform wavelength conversions and 
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pulse w±dt:h expansion on -the opt:lcal signals dxstrlbu'bed by 
"the waveleng-th swlt:ching sections 12-1 through 12-5, genera-be 
WDM signals, and output them to the trunk network. 

Figs. 2 (A) and2 (B) give an outline o£ processes performed 
5 by the Input op^tlcal signal processing section 11 and the output: 
optical signal processing section 13 respectively. Each pulse 
waveform Indicates an opt:lcal signal . The Input optical signal 
processing section 11 performs a wavelength conversion, pulse 
width compression, and a phase shift on an Input optical signal . 

10 For example, the Input optical signal processing section 11 
converts wavelength Xl which the Input optical signal contains. 
Into X5. As shown In Fig. 2(A), the Input optical signal 
processing section 11 narrows the pulse width of the optical 
signal containing the wavelength X5 by performing coxnpresslon 

15 and performs a phase shift on the compressed signal to shift 
Its time location . 

On the other hand, the output optical signal processing 
section 13 performs a wavelength conversion and pulse width 
es^anslon on an optical signal switched by the wavelength 

20 switching section 12 . For example , the output optical signal 
processing section 13 converts the wavelength X5 contained In 
the coinpressed optical signal Into Xl and then expands Its pulse 
width as shown In Fig. 2(B) . 

With the optical cross-connect apparatus 1 according 

25 to the present Invention, the number of wavelengths In the 
apparatus (that Is to say, the number of wavelengths after 
wavelength conversions) Is equal to n (the number of WDM Input 



optical signals) and a -time division number for pulse wldiih 
compression Is equal to m (the number of different wavelengths 
contained In each Input optical signal) . By setting switch 
size n. times. m to a value smaller than or equal to (optical 
5 fiber band) .times. (pulse width of Input optical 
signal) .times. (0.5) , large -capacity optical cross-connection 
Is realized without restrictions being placed on a frequency 
band (without causing cross talk) . The details will be described 
later . 

10 The operation of the optical cross-connect apparatus 

1 (hereinafter the optical cross-connect apparatus according 
to the present Invention will also be referred to as a X-XC 
apparatus) will now be described. Fig. 3 shows the flow of 
signals. A through D In Fig. 3 Indicate points A through D, 

15 respectively, shown In Fig. 1. At the point A, WDMl shown In 
Fig. 1 Is transmitted at a bit rate of 10-Gblt/s (has a pulse 
width of 100 ps ) and contains ten different wavelengths Xl through 
XlO (ten channels) . Similarly, each of WDM2 through WDM5 Is 
transmitted at a bit rate of lO-Gtolt/s (has a pulse width of 

20 100 ps) and contains ten different wavelengths Xl through XlO 
(ten channels) . 

At the point B, wavelength conversions, pulse width 
compression, and phase shifts have been performed on the WDM 
signals by the Input optical signal processing sections 11-1 

25 through 11-5. The number of wavelengths In the apparatus Is 
equal to n (the number of WDM Input optical signals, that Is 
to say, the number of Input optical fibers) . In the case of 
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Fig . 1 , WDMl t:hrough WDM5 are inputt^ed, so n = 5 . A time division 
number for pulse wid'bh compression is equal -to m (t:he number 
of different waveleng-ths contained in each WDM input optical 
signal) . In the case of Fig. 1, the ten different wavelengths 
5 Xl through KlO are contained in each WDM signal, so m=10. 

The number of wavelengths in the apparatus is five. 
Therefore , in the X-XC apparatus 1 , Xl through X5 , for example , 
are assigned and each of the wavelengths Xl through XlO contained 
in each WDM signal is converted into one of the wavelengths 

10 Xl through X5. Moreover, a time division nuinber is ten. 
Therefore, a pulse width of 100 ps each of the 
wavelength-converted signals has at input time is compressed 
into 10 ps by dividing 100 ps by 10. 

At the point B, each of the wavelengths Xl through XlO 

15 contained in the WDMl signal has been converted into one of 
the wavelengths Xl through X5 . That is to say, the wavelength 
conversions of Xl Xl (not wavelength-converted) , X2 X5, XlO 
Xl, and so on have been performed. In addition, as a result 
of the pulse width compression, a pulse width of 100 ps each 

20 wavelength-converted signal had has been compressed into 10 
ps (100ps/10 = 10ps) (in this case, the amount of the information 
each wavelength-converted signal had remains 10-Gbit/s) . The 
phase shift has been performed on these compressed signals so 
that two or more of them will not be at the same time position . 

25 Accordingly, at the point B each of the different 

wavelengths Xl through XlO contained in the WDMl signal at the 
point A has been converted into one of the wavelengths Xl through 
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XS . The pulse width of each of the wavelength-conver-ted signals 
has been compressed Into 10 ps . In addition , the phases of these 
ten compressed signals have been shifted so that two or more 
of them will not be at the same position on a time axis (that 
5 Is to say, so that the center frequencies of two or more of 
them will not be at the same position on a time axis) • The same 
process has been performed on the WDM2 through WDM5 signals. 

At the point C, the signals have been switched by the 
wavelength switching sections 12-1 through 12-5 and signals 

10 with the same wavelength have been combined. That Is to say, 
the signals at the point B are separated by the demultiplexers 
12a- 1 through 12a-5 according to wavelengths and are combined 
by the multiplexers 12b-l through 12b-5 according to wavelengths . 
For example, the multiplexer 12b-l combines ten signals with 

15 the wavelength Xl . 

At the point D, a wavelength conversion and pulse width 
expansion have been performed by the output optical signal 
processing sections 13-1 through 13-5 and WDM signals have been 
obtained. When the output optical signal processing sections 

20 13-1 through 13-5 perform the wavelength conversion process, 
they recognize In advance wavelengths according to the phases 
of Input signals Into which the Input signals are 
wavelength-converted (these wavelengths are set In advance or 
are Informed of by an upper layer) . Moreover , the output optical 

25 signal processing sections 13-1 through 13-5 expand the pulse 
width of the Input signals to the original value by the pulse 
width expansion process . 
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For example, the out.pu'b optical signal processing 
section 13-1 recognizes In advance wavelengths according to 
phases Into which the ten signals with the wavelength Xl contained 
In the vnyMl signal at the point C Is wavelength-converted and 
5 converts the ten wavelengths Xl Into Xl through XlO on the basis 
o£ the phase of each signal. In addition, the output optical 
signal processing section 13-1 expands the pulse width of each 
signal from 10 ps to 100 ps, being the original pulse width. 
An optical cross-connection Is performed In this way and a WDM 

10 signal Is outputted. 

The throughput of the X-XC apparatus 1 will now be 
described In detail by comparison with conventional optical 
cross-connect apparatus. The throughput of optical fiber 
transmission between stations and the throughput of 

15 Intra-apparatus optical fiber transmission In the X-XC apparatus 
1 (not the throughput of optical cross-connection by the 
wavelength switching section 12 but the throughput of 
transmission by an optical fiber located In the X-XC apparatus 
1) will be described first. 

20 Fig. 4 shows optical fiber transmission between stations . 

Stations Bl and B2 (repeating station spacing Is about 100 km) 
are connected via an optical fiber (single mode fiber abbreviated 
as SMF) F to perform optical transmission. The throughput of 
optical fiber transmission In such a system will be discussed. 

25 Fig. 5 shows the characteristics of an optical fiber. 

The loss characteristics of an SMF are shown. Vertical and 
horizontal axes indicate loss (dB/km) and wavelengths (pm) 
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respectively. When op'tlcal "bransmlsslon ±s performed, a 
wavelengiih region where op'tlcal loss Is small should be used. 
Therefore, as shown In Fig. 5, the wavelengt:h region from about: 
1,200 to 1,600 nm where optical loss Is comparatively small 
5 will be used In op'tlcal "trcuismlsslon by an SMF. Actually, the 
ITU-T has standardized the wavelength region ranging from the 
O band t:o the U band. 

Fig. 6 shows wavelengUi regions used In op'tlcal 
transmission by an SMF. Fig. 6 Is a "table showing a wavelength 

10 region ranging from the O band (1,260 to 1,360 nm) to the U 
band (1,625 to 1,675 nm) . This wavelength region has been 
standardized by "the ITU-T. As can be seen from Fig. 6, a 
wavelength band which can be used In optical transmission ranges 
from 1,260 nm In t:he O band t:o 1,675 nm In 1;:he U band. Tha-t 

15 Is -to say, there Is abandwldth of about: 400 nm, which Is convert:ed 
Into a frequency of about 50 THz . Therefore, an optical fiber 
band used in optical t:ransmlsslon is 50 THz . The following 
descriptions will be given mainly with a case in which an op'tlcal 
fiber band is 50 THz and in which the bit ra'te of an input optical 

20 signal is 10 Gty±t,s/s as an example. 

Fig. 7 is a view for describing how to calculate the 
"throughput of optical fiber transmission between stations . In 
tills example, N wavelengths (N channels) are multiplexed into 
an opt:ical fiber band. BW and Af in Fig. 7 express a modula'tion 

25 band and spacing between adjacent frequencies (spacing be'tween 
adjacent channels) respectively. The value of the modula'tion 
bandBW is approximately equal to that of a bit rate . For example , 
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an optical signal the bl'k ra-ke of which Is 10 6blt:s/s has an 

approximately 10-6Hz frequency component;. 

The throughput of optical fiber transmission In the 

system shown In Fig. 4 will now be calculated. If an optical 
5 fiber band Is 50 THz, the number of channels Is (50 THz/ (2 x 

BW) ) . The value of a bit rate can be considered as that of BW. 

Throughput Is given by (number of channels) x (bit rate) . In 

this case, throughput = (50 THz/ (2 x BW) ) x BW = 25 Tblts/s . 

If the bit rate of an optical signal Is 10 Gblts/s, spacing 
10 Af between adjacent channels Is 20 GHz. Therefore, 2,500 (= 

50 THz/ (2 X 10 GHz)) wavelength channels can be multiplexed. 

A throughput of 25 Tblts/s calculated In this way Is 

a theoretical upper limit for an optical fiber band of 50 THz . 

However, long-distance transmission by an optical fiber will 
15 cause nonlinear effects, such as wavelength dispersion, so 

actual throughput will be considerably lower than 25 Tblts/s. 

The throughput of optical fiber transmission 

(Intra-apparatus optical fiber transmission) In the X.-XC 

apparatus 1 will now be described . Fig . 8 Is a view for describing 
20 how to calculate the throughput of Intra-apparatus optical fiber 

transmission. The bit rate of a pulse which has passed through 

the Input optical signal processing section 11 In the X*-XC 

apparatus 1 does not change (10 ODlts/s) , but Its duty becomes 

shorter. If the width of the pulse which has width-compressed 
25 Is expressed as At , a signal band for the compressed pulse Is 

1/At. 

The throughput of the Intra-apparatus optical fiber 
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'transmission will now be calculated. If an optical fiber band 
IsSOTHz, thenumber of compressed pulses (thenumber of channels) 
Is (50 THz/(2 X 1/At)) . The bit rate of one compressed pulse 
is ((100 ps/Ax) X 10 Gbits/s) . Throughput is given by (number 
of compressed pulses) x (bit: rate of one compressed pulse) . 
In this case, throughput is 25 Tbits/s . If a band for an optical 
fiber used in the X-XC apparatus 1 is expressed as BWfiber, 
then intra-apparatus throughput can be calculated by the 
simplified formula: 
BWfiber/2 

A throughput of 25 Tbits/s calculated in this way is 
a theoretical upper limit for an optical fiber band of 50 THz . 
The intra-apparatus optical fiber transmission is short distance 
transmission, so the influence of the nonlinear effects is not 
great . Therefore , with the X-XC apparatus 1 , an intra-apparatus 
throughput of 25 Tbits/s, being a theoretical upper limit, may 
be regarded as feasible. 

The throughput of an optical matrix switch in a 
conventional optical cross-connect apparatus (hereinafter 
referred to as the OXC apparatus) and the throughput of optical 
cross-connection by the X-XC apparatus 1 will now be described. 
The structure of a conventional OXC apparatus will be described 
first. 

Fig. 9 shows an outline of the structure of an OXC 
apparatus. A conventional OXC apparatus 200 comprises 
demultiplexers 201-1 through 201-n, OEOs 202-1 through 202-m 
and 203-1 through 203-m, an optical matrix switch 204, OEOs 



15 



205-1 tiirough 205-m and 206-1 through 206-m, and multiplexers 
207-1 through 207-n. 

The demultiplexers 201-1 through 201-n separate MDM 
signals into different wavelengths. The OEOs 202-1 through 
5 202-m and 203-1 through 203-m perform 

optical-electrical -optical conversions to convert these 
wavelengths . The optical matrix switch 204 performs switching 
at the optical level. The OEOs 205-1 through 205-m and 206-1 
through 206-m perform optical-electrical-optical conversions 

10 on the switched optical signals to convert the converted 
wavelengths again. The multiplexers 207-1 through 207-n 
combine the optical signals and output signals. In Fig. 

9f the number of WDM input optical signals is n and the number 
of different wavelengths contained in each WDM input optical 

15 signal is m. Therefore, the optical matrix switch 204 is an 
(m . times . n) . times . (m . times . n) switch . 

It is assiimed that the optical matrix switch 204 is a 
three-dimensional MEMS switch . 1 , 000 . times . 1 , 000 channel MEMS 
switches have been developed now. For example, to handle 10 

20 WDM input optical signals each containing 100 different 
wavelengths, a 1 , 000 . times . 1 , 000 channel switch is required. 

If a bit rate is 10 6bits/s, then the throughput of the 
1,000. times. 1,000 channel optical matrix switch 204 is 10 
Tbits/s (= 100 (nximber of different wavelengths) x 10 (number 

25 of WDM input optical signals) x 10 6bits/s) . 

To achieve a throughput of 100 Tbits/s by performing 
larger capacity switching, the 10 , 000 . times . 10 , 000 channel 
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opt:±cal ma'trlx switch 204 must: be used. For example, in a case 
where a bli: ra-te ±s 10 Gtbltis/s, -the number of WDM inpu't op'tical 
signals Is 100 , and -bhe nximber o£ different: wavelengtiis con-tained 
in each WDM input: op'tical signal is 100, a 10 , 000 . times . 10 , 000 
5 channel switch will be required. 

However, taking into consideration the current 
fabrication techniques, it will be very difficult to form such 
a 10 , 000 . times . 10 , 000 channel switch by using optical elements , 
suchasMEMSes . Moreover, switchingcontrol will be very complex. 

10 Accordingly, the conventional OXC apparatus 200 which performs 
optical cross-connection by using the above active optical 
matrix switch 204 will not be able to accommodate large capacity 
networks which will appear in the future. 

The throughput of optical cross-connection by the X-XC 

15 apparatus 1 will now be described . Conditions concerning switch 
size under which cross talk will not occur in the X-XC apparatus 
1 will be described first. In the above description, tihe width 
of a compressed pulse which has passed through the input optical 
signal processing section 11 in the X-XC apparatus 1 is expressed 

20 as Ax. However, if a time division number for the pulse width 
compression is equal to m (the number of different wavelengths 
contained in each WDM input optical signal) , then Ax equals 
100 ps/m (it is assumed that a bit rate is 10 GJbits/s) . A signal 
band BW for a coznpressed pulse is given by (1 /pulse width) , 

25 so BW = m/100 ps (= 1/(100 ps/m)) . 

It is assumed that the number of wavelengths in the 
apparatus is equal to n (the number of WDM input optical signals) . 



17 



If an op-tical fiber band ±s 50 THz, -the following condxtion 
must: be met: t:o prevent cross talk from occurring in the apparatus . 
2 X BW X n ^ 50 THz (n ss 50 THz/ (2 x BW) ) 
Figs . 10 (A) and 10 (B) are views for describing cross 
5 talk . Fig . 10 (A) shows a state in which cross talk has occurred. 
Fig. 10(B) shows a state in which cross talk does not occur. 
If t:here is an overlap (crosshatched area in Fig. 10 (A) ) between 
signals in adjacent channels, frequency components in one 
channel will leak into the other, resulting in the occurrence 
10 of cross talk. 

On the other hand, if signals in adjacent channels are 
separated in frequency as shown in Fig. 10(B) , then cross talk 
will not occur. As can be seen from Fig. 10 (B) , crossf talk will 
not occur (restrictions will not be imposed on the band) if 
15 there is a separation of at least (2 x BW) between center 
frequencies in adjacent channels. Therefore, by ensuring a 
separation of at least (2 x BW) between center frequencies in 
adjacent channels, the occurrence of cross talk can be avoided 
in an optical fiber band of 50 THz . 
20 Switch size n. times. m = (50 THz/ (2 x BW) ) x (BW x 100 

ps) = 2,500 

Accordingly, if t:he optical fiber band is 50 THz and 
input is provided at a rate of 10 Gbits/s, n amd m should be 
set so that t:hey will meet the inequality 
25 n X m ^ 2500 

By doing so , signals in adjacent channels will not overlap . 
As a result, the X-XC apparatus 1 can perform optical 
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cross-connection wltihout: causing cross 1:alk. A general 
Inequality Indlca'tlve of conditions under which cross "talk will 
not occur can be wrl-t-ten as : 

n X m ^ BWflber x AT x 1/2 
5 where AT (100 ps. In -this example) Is the pulse wld'th 

o£ an Inpu't optical signal. 

The condl-tlons concerning swl'tch size under which cross 
"talk will net occur In the X-XC apparatus 1 have been obtained 
now. Next, the throughput of optical cross-connection by the 

10 X-XC apparatus 1 will be calculated. Throughput Is given by 
(switch size) X (bit rate) , that Is to say, n x m x (bit rate) . 
In this case , the throughput Is 25 Tblts/s (= 2 , 500 x 10 Gblts/s) . 
That Is to say. If the bit rate Is 10 Gblts/s , a maximum throughput 
of 25 Tblts/s will be obtained when the X-XC apparatus 1 performs 

15 optical cross-connection without causing cross talk. 
Therefore, the same throughput value that is obtained by the 
Intra-apparatus optical fiber transmission described with 
reference to Fig. 8 can be achieved. 

As described above, the X-XC apparatus 1 according to 

20 the present invention comprises the input optical signal 
processing section 11, the wavelength switching section 12 
Including the passive optical devices, and the output optical 
signal processing section 13 . A throughput value obtained when 
this X-XC apparatus 1 performs optical cross-connection is the 

25 same as that obtained at intra-apparatus optical fiber 
transmission time . Therefore , the X-XC apparatus 1 can perform 
far more large -capacity and high-throughput operation than the 
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conventional OXC apparatus 200. 

A modification of the wavelength switching section 12 
will now be described. Fig. 11 shows the structure of a X-XC 
apparatus including a modification of the wavelength switching 
5 section. Fig. 12 shows signals at the points A through E shown 
in Fig. 11. 

A X-XC apparatus la comprises input optical signal 
processing sections 11-1 through 11-n, a wavelength switching 
section 120, and output optical signal processing sections 13-1 
10 through 13-n . The input optical signal processing sections 11-1 
through 11-n and the output optical signal processing sections 
13-1 through 13-n are the same as the input optical signal 
processing sections 11-1 through 11-5 and the output optical 
signal processing sections 13-1 through 13-5, respectively, 
15 shown in Fig . 1 , so the following description will center about 
the wavelength switching section 120. 

The wavelength switching section 120 includes an n:l 
coupler 121 and a demultiplexer 122. The n:l WDM coupler 

121 concentrates n output lines from the input optical signal 
20 processing sections 11-1 through 11-n and combines signals 

compressed by the input optical signal processing sections 11-1 
through 11-n to generate a composite signal . The demultiplexer 

122 separates the composite signal into different wavelengths . 

A signal at the point A is a WDM signal containing 
25 wavelengths Xl through Xm each having a pulse width of 100 ps . 
At the point B , a wavelength conversion , pulse width compression , 
and a phase shift have been performed on the WDM signal . At 
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"the point: C, compressed pulses wilih tiie waveleng-ths Xl "through 
Xm ou-bputted £rom the Input optical signal processing sections 
11-1 through 11-n have been combined. At the point aplurality 
of compressed pulses witii the wavelength Xl have been combined. 
5 A signal at the point: E is a WDM signal con'taining the wavelengths 
Xl through Xm each having a pulse width of 100 ps . Compared 
with the wavelength swit:ching section 12 shown in Fig. 1, Uie 
st:ruc^ure of the waveleng-th switching section 120 enables a 
reduction in the number of parts included t:herein. 

10 The structure and operation of the input optical signal 

processing section 11 will now be described. Fig. 13 shows t:he 
structure of an inpu^ optical signal processing section 
according to a first embodiment. An input optical signal 
processing section 110a according to a f irs^ embodiment includes 

15 a demull^iplexer 111a ^ wavelength converters 112a-l through 
112a-m, pulse wid^h compression sections 113a-l through 113a-m, 
variable delays 114a-l t:hrough 114a-m, a multiplexer 115a, and 
an inpu't light conversion control sect:ion 116a. 

The input light: conversion cont:rol sect:ion 116a includes 

20 a drop section 116a-l , an O/E 116a-2 , and a specification signal 
sett:ing sect:ion 11 6a- 3 . If the number of WDM input optical 
signals is n, then an input section in the X-XC apparatus 1 
will include n input optical signal processing sections 110a 
each having such structure . 

25 The demul-tiplexer 111a separat:es a WDM input signal 

containing wavelengths XI through Am into different wavelengths . 
The wavelength converters 112a-l through 112a-m convert the 
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dif feren't wavelengtiis on the basis of wavelength specification 
signals. In this example, the wavelength converter 112a-l 
converts A.1 into X2 , the wavelength converter 112a-2 converts 
X2 into KS , and the wavelength converter 112a-m converts Am into 
5 X3. 

The pulse width compression sections 113a-l through 
113a-m compress the pulse width of the signals 
wavelength-converted. The variable delays 114a-l through 
114a-m shift (delay) the phase of the compressed pulses on the 
10 basis of phase specification signals . The multiplexer 115a 
combines the compressed pulses phase- shifted and sends a 
composite signal to the wavelength switching section 12 at the 
next stage. 

The O/E 116a-2 converts an ou^ut optical pulse from 
15 the multiplexer 115a dropped by the drop section 116a-l into 
an electrical signal . The specification signal setting section 
116a-3 generates values (phase specification signals) by which 
the variable delays 114a-l through 114a-m should delay the phase 
of the compressed pulses on the basis of the electrical signal 
20 and sends them to the variable delays 114a-l through 114a-m. 
In addition, the specification signal setting section 116a-3 
generates the wavelength specification signals for instructing 
the wavelength converters 112a-l through 112a-m which 
wavelengths they should convert the different wavelengths into 
25 and sends the wavelength specification signals to the wavelength 
converters 112a-l through 112a-m. 

Fig. 14 shows the structure of an input optical signal 
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processing section according to a second exnbodimen-b . An input: 
opt:ical signal processing section 110b according "to a second 
embodiment, includes a demultiplexer 111b, a con-trol pulse 
generation section 112b, nonlinear loop mirrors (NOI^Ms) 113b-l 
through 113b-m, a WDM coupler 114b , and an input light conversion 
control section 115b. 

The input light conversion control section 115b includes 
a drop section 115b-l , an O/E 115b-2 , and a specification signal 
setting section 115b-3 (the input light conversion control 
section 115b has the same function as the input light conversion 
control section 116a described in Fig. 13, so descriptions of 
its operation will be omitted) . If the number of WDM input 
optical signals is n , then the input section in the K-XC apparatus 
1 will include n input optical signal processing sections 110b 
each having such structure. 

The demultiplexer 111b separates a WDM input signal 
containing wavelengths Xl through^ into different wavelengths . 
The control pulse generation section 112b generates a short 
control pulse with a variable wavelength on the basis of a 
wavelength specification signal and outputs this control pulse 
in a phase based on a phase specification signal. 

The optical signals demultiplexed by the demultiplexer 
111b and control pulses are inputted to the NOI^Ms 113b-l through 
113b-m . TheNOLMs 113b-l through 113b-m output overlap portions 
of these optical signals with the control pulses (described 
later with reference to Fig. 15) . The WDM coupler 114b combines 
output from the NOIiMs 113b-l through 113b-m and sends a composite 
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signal t:o the wavelength switching section 12 at the next stage. 

Fig. 15 is a view for describing the operation of the 
NOIiM 113b and the control pulse generation section 112b. The 
control pulse generation section 112b includes a tunable laser 
diode (LD) 112b-l, a modulator 112b-2, and a variable delay 
112b-3. The NOIiM 113b includes a 3-decibel coupler CI, a 
multiplex coupler (which performs the same wavelength 
multiplexing as the WDM coupler) C2 , and a nonlinear loop L. 

An output terminal of the variable delay 112b-3 is 
connected to one end of the multiplex coupler C2 . One output 
terminal of the demultiplexer 111b is connected to a port pi 
of the 3-decibel coupler CI and a port p2 of the 3-decibel coupler 
CI is connected to one input terminal of the WDM coupler 114b. 

The operation of the control pulse generation section 
112b is as follows. The tunable LD 112b-l is a light source 
which emits light with a wavelength based on a wavelength 
specification signal . The modulator 112b-2 modulates the light 
outputted from the tuncQ^le IjD 112b-l and generates short pulse 
light. The variable delay 112b-3 delays the short pulse light 
on the basis of a phase specification signal and inputs it to 
the multiplex coupler C2 in the NOLM 113b as a control pulse 
3la. 

The operation of the NOLM 113b will now be described 
in detail. The 3-decibel coupler CI with a one-to-one coupling 
ratio separates an optical signal Xl demultiplexed by the 
demultiplexer 111b and inputted from the port pi at a ratio 
of fifty to fifty. The multiplex coupler C2 combines one of 
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the "two op-tlcal signals Xl ixi'bo which -the 3 -decibel coupler 
CI separates the original optical signal Xl and the control 
pulse Xa. 

X£ the control pulse Xa Is not Inputted, the optical 
5 signal Xl Inputted from the port pi of the 3 -decibel coupler 
CI Is distributed to ports p3 and p4 of the 3-declbel coupler 
CI . An optical signal Inputted from the port p3 propagates 
counterclockwise through the nonlinear loop (optical fiber loop) 
L and an optical signal Inputted from the port p4 propagates 

10 clockwise through the nonlinear loop I< . Then these two optical 
signals are Inputted again to the 3-declbel coupler CI 
concurrently with each other. 

In this case, the optical signal Xl Is not outputted 
to the port p2 of the 3-declbel coupler CI . The optical signal 

15 Xl Is outputted only to the port pi as a result of Interference 
between the two optical signals which propagates 
counterclockwise and clockwise, respectively, through the 
nonlinear loop L. That is to say, from the input side of the 
optical signal Xl , the optical signal Xl is reflected by a loop 

20 mirror made up of the 3 -decibel coupler CI and the nonlinear 
loop L (therefore referred to as a nonlinear optical loop mirror ) . 

On the other hand, if the control pulse Xa is Inputted, 
the optical signal Xvl propagating counterclockwise from the 
port pi of the 3-decibel coupler CI through the nonlinear loop 

25 L will overlap with the control pulse Xa. Mille the optical 
signal Xl is propagating through the nonlinear loop L , a change 
in the phase of the overlap portion of the optical signal Xl 
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will occur in propor'bion to t:he intensi-by of Uie control pulse 
Xa due to a cross phase modulation effect, being one of the 
nonlinear optical effects . 

When this optical signal is inputted again to the 
3 -decibel coupler CI, only the portion the phase of which has 
changed will be outputted from the port p2 as a result of 
interference in the 3-decibel coupler CI. That is to say, an 
optical gate function by which only the overlap portion (Xla) 
of the optical signal Xl with the control pulse Xa is outputted 
from the port p2 will be realized. A wavelength conversion, 
pulse width coinpression, and a phase shift can be performed 
on demultiplexed optical signals by the control pulse generation 
section 112b and the NOLM 113b in this way. 

The structure and operation of the output optical signal 
processing section 13 will now be described. Fig. 16 shows the 
structure of an output optical signal processing section 
according to a first embodiment. An output optical signal 
processing section 130a according to a first embodiment includes 
a chirp pulse light source 131a, a NOIiM 132a, and a wavelength 
dispersion slope control section 133a. The wavelength 
dispersion slope control section 133a includes drop sections 
133a-l and 133a-2, a shortest wavelength dispersion detector 
133a-3, a longest wavelength dispersion detector 133a-4, and 
a wavelength dispersion slope flattening section 133a-5 . The 
NOLM 132a includes a 3-decibel coupler CI , a multiplex coupler 
C2 , and a nonlinear loop L . If the number of WDM input optical 
signals is n, then an output section in the X-XC apparatus 1 
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will Include n ou^tput: op'tical sxgnal processing sect:±ons 130a 
each having such s^ruct:ure. 

An ou'bpu't t;ennlnal of t:he wavelengtii switching section 
12 is connected to one end of the multiplex coupler C2 . An out:put: 
terminal of the chirp pulse light source 131a Is connected to 
a port pi of the 3 -decibel coupler CI and a port p2 of the 3 -decibel 
coupler CI Is connected to an Input terminal of the wavelengUi 
dispersion slope fla'ttenlng section 133a-5. 

The chirp pulse light source 131a Is a light source which 
emits a chirp pulse, being a pulse the wavelength (frequency) 
of which changes cont:lnuously with tilme. For exaznple, the 
wavelength of a chirp pulse Is kl from -time tO to tl, X2 from 
time tl to t2,... , and Taa from time tm-1 to tm (the width of an 
Input: optrlcal signal Is 100 ps , so the width of the chirp pulse 
Is also 100 ps) . 

An optical signal (switched pulse) outputted from the 
wavelength switching section 12 Is Inputted from the mult:lplex 
coupler C2 In the NOLM 132a and the chirp pulse Is Inputted 
from the 3-declbel coupler CI. The 3-declbel coupler CI 
separates the chirp pulse Inputted from the port pi at a ratio 
of fifty te fifty. The multiplex coupler C2 coxnblnes one of 
the two chirp pulses Into which the 3 -declbel coupler CI separates 
the original chirp pulse and the switched pulse. 

The chirp pulse propagating clockwise from the port pi 
of the 3-declbel coupler CI through the nonlinear loop L will 
overlap with the switched pulse. While the chirp pulse Is 
propagating through the nonlinear loop a change In the phase 
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of the overlap por-bion o£ the chirp pulse will occur In proportion 
to the intensity of the switched pulse due to a cross phase 
modulation effect, being one of the nonlinear optical effects. 

When this chirp pulse is inputted again to the 3-decibel 
5 coupler CI, only the portion the phase of which has changed 
will be outputted from the port p2 as a result of interference 
in the 3-decibel coupler CI. That is to say, an optical gate 
function by which only the overlap portion of the chirp pulse 
with the switched pulse is outputted from the port p2 will be 
10 realized. A plurality of signals oui^utted from the wavelength 
switching section 12 have the same wavelength (Xl, in this 
example) and different phases . As a result of such control by 
the NOIiM 132a, the wavelengths Xl of these signals are converted 
into X,l through 

15 The wavelength-converted signals pass through the 

wavelength dispersion slope flattening section 133a-5 and are 
dropped by the drop sections 133a-l and 133a-2 . The dropped 
signals are inputted to the shortest wavelength dispersion 
detector 133a-3 and the longest wavelength dispersion detector 

20 133a-4. The shortest wavelength dispersion detector 133a-3 
selects a signal which has the shortest wavelength Xl among 
Xl through Xm and detects the wavelength dispersion value of 
the Xl signal. The longest wavelength dispersion detector 
133a-4 selects a signal which has the longest wavelength Am 

25 among Xl through Xm and detects the wavelength dispersion value 
of the "km signal . 

The wavelength dispersion slope flattening section 
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133a-5 (a device which has a great: dispersxon value and which 
can change a wavelengt:h dispersion value and a waveleng'th 
dispersion slope Is used) £lat:^ens a slope obtained from -the 
detected wavelength dispersion values of the Xl and Xxa signals 
5 to equally expand the pulse widths of the Xl through Xm signals . 

Fig. 17 Is a view for describing flattening control of 
a wavelength dispersion slope. On graphs 61 and 62, vertical 
axes Indicate a wavelength dispersion value D (ps/km/nm) and 
horizontal axes Indicate a wavelength (nm) . The graph 61 shows 
10 a slope before flattening. The graph 62 shows the slope after 
flattening. 

On the graph 61 , the shortest wavelength dispersion 
detector 133a-3 detects a wavelength dispersion value Dl of 
the Xl signal and the longest wavelength dispersion detector 
15 133a-4 detects a wavelength dispersion value Dm of the Xm signal . 
In this case, a wavelength dispersion slope SLl Is caused by 
the Xl through Xm signals . 

On the graph 62, the wavelength dispersion slope 
flattening section 133a-5 has controlled the wavelength 
20 dispersion value of each signal to change the wavelength 
dispersion slope SLl to a flat wavelength dispersion slope SL2 . 

That Is to say, when the wavelength dispersion slope 
flattening section 133a-5 realizes that the wavelength 
dispersion values of the signals with the shortest wavelength 
25 Xl and the longest wavelength Xm are Dl and Dm respectively. 
It finds the average of the wavelength dispersion values Dl 
and Dm and exercises control to make the wavelength dispersion 
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values of all the Xl tihrough Xm signals equal 'bo -bhis average. 
By exercising such control, the wavelength dispersion slope 
will become flat and the pulse widths of the Xl through Am signals 
can be expanded equally. 

Fig. 18 shows the structure of an output optical signal 
processing section according to a second embodiment. An output 
optical signal processing section 130b according to a second 
embodiment Includes a high-speed sequential switch 131b, 
wavelength converters 132b-l through 132b-m, pulse width 
expansion sections 133b-l through 133b-m, and a multiplexer 
134b. If the number of WDM input optical signals is n, then 
the output section in the X-XC apparatus 1 will include n output 
optical signal processing sections 130b each having such 
structure . 

The high-speed sequential switch 131b sequentially 
switches and outputs compressed pulses switched by the 
wavelength switching section 12 . The wavelength converters 
132b-l through 132b-m convert the wavelengths of the input pulses 
into predetermined wavelengths (an upper layer may inform the 
wavelength converters 132b-l through 132b-m of these 
wavelengths) and output the wavelength-converted pulses at the 
same time (at the same phase) . In this example, the wavelength 
converter 132b-l converts Xl into Xl , the wavelength converter 
132b-2 converts Xl into X2 , and the wavelength converter 132b-m 
converts Xl into Xm. These pulses are outputted in the same 
phase . 

The pulse width expansion sections 133b-l through 133b-m 
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expand tiie pulse wldt:hs of "the wavelengtih-conver-ted signals. 
The muli:iplexer 134b combines 1:he signals -the pulse wld'bhs of 
which have been expanded and out:put:s them as a M)M signal . 

Fig. 19 shows tiie structure of an outpu't optical signal 
5 processing section according to a third emboddLment; . An output 
optical signal processing section 130c according to a third 
embodiment Includes a high-speed sequential switch 131c, 
wavelength converters 132c"l through 132c-m, amultlplexer 133c , 
and a wavelength dispersion slope control section 134c. If the 

10 number of WDM Input optical signals Is n , then the output section 
In the X-XC apparatus 1 will Include n output optical signal 
processing sections 130c each having such structure. 

The high-speed sequential switch 131c sequentially 
switches and outputs compressed pulses switched by the 

15 wavelength switching section 12 . The wavelength converters 
132c-l -through 132c-m convert the wavelengths of the Input pulses 
Into predetermined wavelengths and output the 
wavelength-convertedpulses at the same time (at the same phase) . 

The multiplexer 133c combines the wavelength-converted 

20 pulses . The wavelength dispersion slope control section 134c 
Includes t:he same components as the wavelength dispersion slope 
control section 133a shown In Fig . 16 . The wavelength dispersion 
slope control section 134c controls a wavelength dispersion 
slope obtained from -the wavelength dispersion value of each 

25 wavelength signal contained In the multiplexed signal, expands 
the pulse width of each wavelength signal, and outputs the 
multiplexed signal as a WDM signal . The scale of the circuits 
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Included in the output optical signal processing section 130c 
shown In Fig. 19 Is smaller than that of the circuits included 
in the output optical signal processing section 130b shown in 
Fig. 18. 

An optical cross-connect apparatus according to the 
present invention which can realize a throughput higher than 
or eqpial to 1 Pbits/s will now be described. Fig. 20 is a view 
for describing the principles underlying an optical 
cross-connect apparatus according to the present invention. 
An optical cross -connect apparatus 2 (X-XC apparatus 2 ) realizes 
a throughput higher than or equal to 1 Pbits/s by performing 
optical cross-connection and comprises wavelength converters 
21-1 through 21-5, wavelength switching sections 20-1 through 
20-5 , and output optical signal processing sections 25-1 through 
25-5. 

The wavelength switching sections 20-1 includes a 
demultiplexer (AW6) 22-1, pulse width compression and phase 
shift sections 23a-l through 23a-10, and a multiplexer (optical 
coupler) 24-1. The same applies to the wavelength switching 
sections 20-2 through 20-5. The components included in the 
wavelength switching sections 20-1 through 20-5 are passive 
optical devices . 

The wavelength converters 21-1 through 21-5 convert 
different wavelengths contained in WDM input optical signals 
into wavelengths the number of which is equal to that of the 
WDM input optical signals . The demultiplexers 22-1 through 22-5 
separate the wavelength-converted optical signals into 
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Individual wavelengtiis . The pulse wld-bh compression and phase 
shift sect:lons 23a-l through 23a-10 , 23b-l through 23b-10 , 23c-l 
through 23c-10, 23d-l through 23d-10, and 23e-l through 23e-10 
perform pulse width compression by dividing the pulse widths 
5 of the demultiplexed optical signals by the number of the 
wavelengths contained In each WDM Input optical signal and 
perform phase shifts so that the phases of a plurality of 
compressed signals will not be the same . The multiplexers 24-1 
through 24-5 combine the phase-shifted optical signals to 

10 generate multiplexed signals . 

The output optical signal processing sections 25-1 
through 25-5 perform wavelength conversions by recognizing 
wavelengths Into which the wavelengths contained In the optical 
signals distributed by the wavelength switching sections 20-1 

15 through 20-5 should be converted from their phases, perform 
pulse width expansion, and output WDM optical signals. 

The operation will now be described. Fig. 21 shows the 
flow of signals . A through E In Fig . 21 Indicate points A through 
E, respectively, shown In Fig. 20. At the point A, WDMl shown 

20 In Fig. 20 Is transmitted at a bit rate of 10-Gblt/s (has a 
pulse width of 100 ps) and contains ten different wavelengths 
Xl through XlO (ten channels) . Similarly, each of WDM2 through 
WDM5 Is transmitted at a bit rate of 10-Gbit/s (has a pulse 
width of 100 ps) and contains ten different wavelengths Xl through 

25 XlO (ten channels) . 

At the point B, wavelength conversions have been 
performed on the WDM signals by the wavelength converters 21-1 
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-through 21-5 . The number (= n) of wavelengths In -the apparatus 
is equal -bo -the mimber of WDM input op-tical signals . In -the 
case of Fig. 20, WDMl -through WDM5 are inpu-t-ted, so n = 5 . The 
n-iimber of waveleng-ths in the apparatus is five. Therefore, in 
5 -the X-XC appara-tus 2, Xl -through X5, for example, are assigned 
and each of -the wavelengths Xl through XlO con-tained in each 
WDM inpu-t optical signal is conver-ted in-to one of -the waveleng-ths 
Xl through X5 . 

At the point B, each of the wavelengths Xl through XlO 

10 contained in, for example, the WDMl signal has been converted 
into one of the wavelengths Xl through X5 . That is to say, the 
wavelength conversions of Xl Xl (not wavelength-converted) , 
X2 -*> X5, XlO X4, and so on have been performed. 

At -the point C, -the wavelength-converted WDM signals 

15 have been separated into individual wavelengths by the 
demultiplexer 22 and pulse width compression and phase shifts 
have been performed on these wavelengths by the pulse wid-th 
compression and phase shift section 23 . A time division number 
is 10 (= number of the different wavelengths contained in each 

20 WDM input optical signal) , so the pulse width (100 ps) of each 
input signal is divided by 10. As a result, -the pulse width 
of each input signal is compressed into 10 ps. In addition, 
the phase shifts have been performed so that the phases of a 
plurality of compressed signals will not be the same . With WDMl , 

25 for example, the pulse widths of the ten signals with the 
wavelengths Xl through X5 have been compressed into 10 ps and 
the phases of -these ten compressed signals have been shifted 
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so 'tha'b t:wo or more o£ -them will not: be at: tiie same posl'blon 
on a t:ime axis. The same applies t:o WDM2 t^irough WDM5 . 

At the point the phase-shifted signals have been 
combined by the multiplexers 24-1 through 24-5 to generate 
5 signals each containing the same wavelengths . For example , the 
multiplexer 24-1 has combined ten Xl signals and has launched 
them into the WDMl fiber. Similarly, ten X2 signals, ten X3 
signals, ten X4 signals, and ten X5 signals have been combined 
and launched into the TODM2, WDM3, WDM4, and WDM5 fibers 

10 respectively . 

At the point E, the output optical signal processing 
sections 25-1 through 25-5 have performed wavelength conversions 
and pulse width expansion on the input signals to generate WDM 
signals. In the wavelength conversion process, the output 

15 optical signal processing sections 25-1 through 25-5 recognize 
in advance wavelengths into which wavelengths contained in each 
input signal should be converted from their phases . In the pulse 
width expansion process, the output optical signal processing 
sections 25-1 through 25-5 return the pulse width of signals 

20 contained in each input signal to their original value. 

For example, the output optical signal processing 
section 25-1 recognizes in advance wavelengths into which the 
ten Xl signals contained in the WDMl signal at the point D should 
be converted from the phases of the ten Xl signals and converts 

25 ten Xl ■ s into Xl through XlO on the basis of the phase of each 
Xl signal. In addition, the output optical signal processing 
section 25-1 expands the pulse width of each signal from 10 
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ps t:o "the original value (100 ps) . As a result, a TO>M signal 
after "the optical cross-connection will be outputted. 

The difference between the X-XC apparatus 2 shown in 
Fig. 20 and the X-XC apparatus 1 shown in Fig. 1 will now be 
5 described. In the X-XC apparatus 1 shown in Fig. 1, cross talk 
may occur. Therefore, if an optical fiber band is 50 THz and 
the pulse width of each input optical signal is 100 ps, then 
conditions under which cross talk will not occur are given by 

n X m ^ 2500 (which can be generalized as n x m ^ BWf iber 
10 X AT X 1/2) 

where n is the number of wavelengths in the apparatus 
being equal to that of the input optical signals, and m 

is a time division number for the pulse width compression being 
equal to the number of the different wavelengths contained in 
15 each input optical signal. Therefore, n and m should be 

set so that they will meet the above inequality. 

This means that n and m cannot be set to arbitrary values , 
so there is an upper limit to the throughput. If a bit rate 
is 10 6bits/s, a maximum throughput of 25 Tbits/s is obtained 
20 when n x m = 2500 (Even in this case, very high throughput can 
be achieved , compared with conventional apparatus) . 

The cause of the occurrence of cross talk will now be 
described. The cause of the occurrence of cross talk in the 
X-XC apparatus 1 lies in the pulse width compression and time 
25 division of theWDM signals by the input optical signal processing 
section 11 before the separation of the optical signals by the 
demultiplexer (AWG) 12a in the wavelength switching section 
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12, 'tha'b Is to say, in the separation o£ the compressed signals 
by the AW6. 

Therefore, in the X-XC apparatus 2, a pulse width 
coxopression process is performed not at the input stage of the 
5 AW6 but at the output stage of the AW6. That is to say, by 
performing pulse width compression and time division on the 
signals demultiplexed by the A^G, cross talk can be prevented. 

Fig. 22 shows the structure of the X-XC apparatus in 
which a factor in the occurrence of cross talk lies. In the 

10 X-XC apparatus 1, the input optical signal processing section 
11 performs a wavelength conversion (Xl through ^ Xl through 
Xn) , pulse width compression (100 ps — 10 ps) , and a phase shift 
on a WDM signal containing different wavelengths Xl through 
Am and sends the signal to the demultiplexer 12a. 

15 If n X m ^ 2500 is not met, then signals outputted from 

the input optical signal processing section 11 through adjacent 
channels will overlap. (A phase shift is performed so that the 
center frequencies of these signals will not be at the sam& 
position on a time axis. However, if n x m ^ 2500 is not met, 

20 then adjacent compressed signals will overlap in the side band 
areas . ) 

It is assiamed that such a signal is inputted to the 
demultiplexer 12a and is separated into different wavelengths. 
Even if the Xl signal, for example, is separated from the input 
25 signal, the X2 signal will also be clipped because they overlap 
in the side band areas. As a result, cross talk will occur. 

Fig. 23 shows the structure of the X-XC apparatus in 
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which cross t:alk will not: occur . In the X-XC apparatus 2 , the 
wavelength converter 21 performs a wavelength conversion (Xl 
through Xzn Xl through Xn) on a WDM signal containing different 
wavelengths Xl through Taa first. The demultiplexer 22a 
5 separates the wavelength-converted signal. Then the pulse 
width compression and phase shift section 23 performs pulse 
width compression and a phase shift on the demultiplexed signals . 

Xn this case, the WDM signal in which adjacent channels 
do not overlap is separated and then time division is performed. 

10 As a result, there is no factor in the occurrence of cross talk. 
Accordingly, the X-XC apparatus 2 makes it unnecessary to take 
cross talk into consideration, so n (the number of wavelengths 
in the apparatus) and m (time division number) can be set 
independently of each other. 

15 As a result of setting the values of n andm independently 

of each other, there is no upper limit to the throughput and 
a throughput higher than or equal to l Pbits/s can be achieved 
(an upper limit to the throughput is determined not by the 
characteristics but by the techniques or the costs) . 

20 For example, if the bit rate of an optical signal is 

10 Gbits/s, the number (n) of wavelengths in the apparatus is 
1,000 (1,000 channels) , and a time division number (m) is 100 
(100 ps is divided by 100 to compress the width of pulses into 
1 ps) , then a throughput of 1 Pbits/s (= 1 , 000 x 100 x 10 Gbits/s) 

25 is obtained. 

As described above, the X-XC apparatus 2 according to 
the present invention can perform very large capacity switching 
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which provides a t:hroughpu^ higher t:han or equal t:o 1 Pbii:s/s 
without causing cross talk. Therefore, the X-XC apparatus 2 
will contribute largely to building next generation multimedia 
networks ("e- JAPAN Strategy" set forth by the Japanese 
Government is aimed at creating the environment by 2005 in which 
people can always connect their computers to an ultra high-speed 
Internet access network made up of ten million households (100 
Mbits/s X 10,000,000 household = 1 Pbits/s) ) . 

In the X-XC apparatus 2, the pulse width compression 
and phase shift section 23 is located for each demultiplexed 
wavelength, so the scale of the apparatus is larger than that 
of the X-XC apparatus 1. Accordingly, it is preferable that 
the X-XC apparatus 1 should be applied in environments where 
a throughput lower than or equal to 25 Tbits/s will do and that 
the X-XC apparatus 2 should be applied in environments where 
a throughput higher than or equal to 1 Pbits/s will be required. 

A X-XC apparatus according to the present invention in 
which congestion will not occur at optical cross-connection 
time will now be described. The X-XC apparatus 2 shown in Fig. 
20 can perform very large capacity switching which provides 
a throughput higher than or equal to 1 Pbits/s. However, if 
switching is performed by the wavelength switching sections 
20-1 through 20-5, it may be impossible to set two or more paths 
(switching paths) at the same time. That is to say, the 
wavelength switching sections 20-1 through 20-5 are blocking 
type switches in which setting a path to a destination port 
at switching time may cause congestion. Accordingly, the X-XC 
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appara'tus 2 shown ±n F±g. 20 will be useful ±f environmen'bs 
in which i't is applied can be limi-ked to a certain extent: . 

A X-XC apparatus including non-blocking type switches 
in which congestion will not occur at switching time, according 
5 to the present invention, will now be described. First, the 
difference between blocking type and non -blocking type switches 
and an example of the structure of a non-blocking type spatial 
switch will be described. 

Fig. 24 shows an example of a blocking type switch. A 

10 4 . times . 4 switch includes four 2 . times . 2 switches SW51 through 
SW54 each having two incoming lines and two outgoing lines. 
The switches SW51 and SW52 are located at the first stage and 
the switches SW53 and SW54 are located at the second stage. 

The switch SW51 has ports pla and p2a on the incoming 

15 line side and ports p3a and p4a on the outgoing line side . The 
switch SW52 has ports plb and p2b on the incoming line side 
and ports p3b and p4b on the outgoing line side. The switch 
SW53 has ports pic and p2c on the incoming line side and ports 
p3c andp4c on the outgoing line side . The switch SW54 has ports 

20 pld and p2d on the incoming line side and ports p3d and p4d 
on the outgoing line side. 

The ports p3a and pic connect with a line LI . The ports 
p4a and pld connect with a line L2 . The ports p3b and p2c connect 
with a line L3 . The ports p4b and p2d connect with a line L4 . 

25 The directions of paths (switching paths) shown in Fig. 

24 are as follows: a path PI (port pla port p3a) , a path P2 
(port p2a port p4a) , a path P3 (port plb port p3b) , a path 
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P4 (port p2b port p4b) , a path P5 (port pic port p3c) , a 
path P6 (port p2c port p4c) , a path P7 (port pld ^ port p3d) , 
and a path P8 (port p2d port p4d) . 

Along these paths, incoming signals (si, s2, s3, and 
5 s4) are inputted from the incoming line side of the switches 
SW51 and SW52 at the first stage, are switched, and are outputted 
from the outgoing line side of the switches SW53 and SW54 at 
the second stage as outgoing signals in the order of si, s3, 
s2 , and s4 . 

10 In this case, it is assumed that switching is performed 

to change the order in which the incoming signals (si, s2, s3, 
and s4) are outputted as outgoing signals from si, s3, s2, and 
s4 to s4, s3, s2, and si. 

If the direction of the path PI in the switch SW51 is 

15 port pla — port p4a and the direction of the path P7 in the 
switch SW54 is port pld ^ port p4d, then the signal si will 
be outputted from the port p4d because it will flow along the 
patii PI, the line 1-2, and the path P7 . On the other hand, if 
the direction of the path P4 in the switch SW52 is port p2b 

20 — port p3b and the direction of the path P6 in the switch SW53 
is port p2c — port p3c, then the signal s4 will be outputted 
from the port p3c because it will flow along the path P4, the 
line L3 , and the path P6 . 

However, if such switching operation is performed, 

25 congestion will occur in each switch (in the switch SW51, for 
example, the paths PI and P2 will converge at the port p4a) . 
Therefore, in the above case, it is impossible to change only 



t:he order xn which -the signals si and s4 are outpu1:i:ed. To change 
"bhe order In which -the signals si and s4 are outpu'tted, -the 
order In which the signals s2 and s3 are outputted must also 
be changed (finally , there Is no choice but -to output t:he Incoming 
5 signals In the order of sA, s2 , s3, and si). 

When outgoing lines corresponding to (m-1) Incoming 
lines have been established In anm . times .m blocking "type switch , 
the des-tlnat:lon of the remaining path In a switch will be 
determined. In the switch SW51 In Fig. 24, for example, when 

10 the path P2 which connects wlt:h the line Ii2 has been established, 
the other path Pi Inevitably connects with the line LI (the 
number of lines In t^ls exaznple Is the smallest) . As stated 
above. In blocking type switches having such structure, 
performing the switching of a signal will have an Influence 

15 on another signal . 

Fig. 25 shows an example of a non-blocking type switch. 
A 4. times. 4 switch Includes two 2. times. 4 switches SW61 and 
SW62 each having, -two Incoming lines and four outgoing lines, 
and two 4 . times . 2 switches SW63 and SW64 each having four incoming 

20 lines and two outgoing lines . The switches SW61 and SW62 are 
located at: tiie first: stage and the switches SW63 and SW64 are 
located at the second stage. 
% The switch SW61 has ports pla and p2a on the incoming 

line side and ports p3a through p6a on the outgoing line side . 

25 The switch SW62 has ports plb and p2b on t:he incoming line side 
and ports p3b through p6b on the outgoing line side . The switch 
SW63 has ports pic through p4c on the incoming line side and 



42 



port:s p5c and p6c on tJie outgoing line side. The swi-tch SW64 
has por-ts pld "through p4d on the incoming line side and ports 
p5d and p6d on the outgoing line side. 

The ports p3a and pic connect with a line LI . The ports 
5 p4a and p2c connect with a line L2 . The ports p5a and pld connect 
with a line L3 . The ports p6a and p2d connect with a line L4 . 

Moreover, the ports p3b and p3c connect with a line L5 . 
The ports p4b and p4c connect with a line L6 . The ports p5b 
and p3d connect with a line L7 . The ports p6b and p4d connect 
10 with a line L8 . 

The directions of paths (switching paths) shown in Fig. 
25 are as follows : a path PI (port pla port p3a) , a path P2 
(port p2a ^ port p6a) , a path P3 (port plb — port p3b) , a path 
P4 (port p2b port p6b) , a path P5 (port plc — port p5c) , a 
15 path P7 (port p3c -* port p6c) , a path PIO (port p2d — port p5d) , 
and a path P12 (port p4d — port p6d) . 

Along these paths, incoming signals (sl, s2, s3, and 
s4) are inputted from the incoming line side of the switches 
SW61 and SW62 at the first stage, are switched, and are outputted 
20 from the outgoing line side of the switches SW63 and SW64 at 
the second stage as outgoing signals in the order of sl, s3, 
s2 , and s4 . 

In this case, it is asstimed that switching is performed 
to change the order in which the incoming signals (sl, s2 , s3, 
25 and s4) are outputted as outgoing signals from sl, s3, s2, and 
s4 to s4, s3, s2, and sl . 

Fig. 26 shows the state of paths after switching. If 
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the direction of the path PI in the switch SW61 is port pla 
port p5a and the direction of the path P9 in the switch SW64 
is port pld ^ port p6d, then the signal si will be outputted 
from the port p6d because it will flow along the path PI , the 
line L3, and the path P9. On the other hand, if the direction 
of the path P4 in the switch SW62 is port p2b — port p4b and 
the direction of the path P8 in the switch SW63 is port p4c 
— ^ port p5c then the signal s4 will be oul^utted from the port 
p5c because it will flow along the path P4, the line 1-6, and 
the path P8 . 

As can be seen from Pig. 26, even if such switching 
operation, is performed, congestion will not occur in each switch 
(the paths along which the signals s3 and s2 flow are not changed) . 
Therefore, only the order in which the signals si and s4 are 
outputted can be changed and the incoming signals (si, s2, s3, 
and s4) can be outputted in the order of s4, s3, s2 , and si. 

As stated above, switches each having incoming lines 
and outgoing lines the nximber of which is about twice that of 
the incoming lines and switches each having outgoing lines and 
incoming lines the number of which is about twice that of the 
outgoing lines shouldbe combined to form amulti-s tage structure . 
Then even when outgoing lines corresponding to (m-1) incoming 
lines have been established, the destination of the remaining 
path in a switch will not be determined inevitably . In the switch 
SW61 in Fig . 26 , for example , even when the path P2 which connects 
with the line L4 has been established, the destination of the 
other path PI can be selected from among the three remaining 
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lines LI 'through L3 (por'ts p3a tiirough p5a) . In non-blocking 
type switches having such structure, the switching of a signal 
can be performed freely without exerting an influence on another 
signal . 

5 Ex£unples of a non-blocking type spatial switch will now 

be described with Figs. 27 through 30. Fig. 27 shows the 
structure of a non-blocking type spatial switch. A spatial 
switch SWIO has a two-stage structure. The spatial switch SWIO 
is an (m. times .n) .times, (m. times, n) switch including switches 

10 SWll-1 through SWll-n at the first stage and switches SW12-1 
through SW12-n at the second stage . Each of the switches SWll-1 
through SWll-n is an m. times . (m. times .n) switch and has m 
incoming lines and mn outgoing lines . Each of the switches 
SW12-1 through SW12-n is an (m. times, n) . times. m switch and has 

15 mn incoming lines and m outgoing lines . The number of the 
m. times, (m. times, n) switches at the first stage is n and the 
number of the (m. times, n) . times, m switches at the second stage 
is n. Therefore, the total number of the m. times, (m. times, n) 
switches included in the spatial switch SWIO is 2n (the switches 

20 located at the first and second stages are the same) . 

The switch SWll-1 at the first stage has n bundles of 
m outgoing lines . These line bundles are connected to the 
switches SW12-1 through SW12-n, respectively, at the second 
stage. Similarly, the outgoing lines from the switches SWll-2 

25 through SWll-n are connected to the switches SW12-1 through 
SW12-n at the second stage. 

When outgoing lines corresponding to (m-1) incoming 
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lines have been established in a unit: switch (one of t:he switches 
SWll-1 through SWll-n) at the first stage, the number of paths 
which can be set for the remaining Incoming line Is calculated 
by subtracting (m-1) from the number of the outgoing lines: 
5 mn -(m-1) = m(n-l) + 1 

One of these paths can be selected freely , so the spatial 
switch SWIO Is of a non-blocking type. 

Fig . 28 shows the structure of a non-blocking type spatial 
switch . A spatial switch SW20 has a three-stage structure . The 

10 spatial switch SW20 Is an (m. times, n) .times, (m. times, n) switch 
Including switches SW21-1 through SW21-n at the first stage, 
switches SW22-1 through SW22-(2m-l) at the second stage, and 
switches SW23-1 through SW23-n at the third stage. Each of the 
switches SW21-1 through SW21-n Is an m. times. (2m-l) switch and 

15 has m Incoming lines and (2m-l) outgoing lines. Each of the 
switches SW22-1 through SW22-(2m-l) Is an n. times .n switch and 
has n Incoming lines and n outgoing lines . Each of the switches 
SW23-1 through SW23-n Is a (2m-l) . times. m switch and has (2m-l) 
Incoming lines and m outgoing lines . 

20 The number of the m. times. (2m-l) switches at the first 

stage Is n, the number of the n. times. n switches at the second 
stage Is (2m-l) , and the number of the (2m-l) . times. m switches 
at the third stage Is n. Therefore, the total number of the 
m. times . (2m-l) switches Included In the spatial switch SW20 

25 Is 2n (the switches located at the first and third stages are 
the same) and the total number of the n . times . n switches Included 
In the spatial switch SW20 Is (2m-l) . 
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The switch SW21-1 at the first stage has (2m-l) outgoing 
lines . These outgoing lines are connected to the switches SW22-1 
through SW22- (2m-l) , respectively, at the second stage. 
Similarly, the outgoing lines from the switches SW21-2 through 
5 SW21-n are connected to the switches SW22-1 through SW22- (2m-l) 
at the second stage. 

The switch SW22-1 at the second stage has n outgoing 
lines . These outgoing lines are connected to the switches SW23-1 
through SW23-n, respectively, at the third stage. Similarly, 
10 the outgoing lines from the switches SW22-2 through SW22- (2m-l) 
are connected to the switches SW23-1 through SW23-n at the third 
stage . 

A unit switch at the first stage has (2m-l) outgoing 
lines, so the number of paths which go from the unit switch 

15 at the first stage to the (2m-l) switches SW22-1 through 
SW22- (2m-l) at the second stage is (2m-l) . In addition, a unit 
switch at the third stage has (2m-l) incoming lines, so the 
number of paths which go from each of the (2m-l) switches SW22-1 
through SW22-(2m-l) at the second stage to the unit switch at 

20 the third stage is (2m-l) . 

Therefore, even when outgoing lines corresponding to 
(m-1) incoming lines have been established in the switch at 
the first stage and outgoing lines corresponding to (m-1) 
incoming lines have been established in the switch at the third 

25 stage, m (obtained by subtracting (m-1) from (2m-l) ) paths can 
be set from the first stage to the third stage. This means that 
the spatial switch SW20 is of a non -blocking type. A 
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non-blocking "type swxteh havxng amulti-s^age s'brucbure ±s also 
called a Clos type switch (because it was proposed by Charles 
Clos) . 

Fig . 2 9 shows the structure o£ a non -blocking type spatial 
5 switch. A spatial switch SW30, being a modification of the 
spatial switch SW20 shown in Fig . 28 , has a three-stage structure . 
The spatial switch SW30 is an (m. times .n) . times . (m. times .n) 
switch (m > n and m and n are even numbers) including switches 
SW31-1 through SW31-n at the first stage , switches SW32-1 through 

10 SW32-n at the second stage, and switches SW33-1 through SW33-n 
at the third stage. Each of the switches SW31-1 through SW31-n 
is an m. times . 2m switch and has m incoming lines and 2m outgoing 
lines. Each of the switches SW32-1 through SW32-n is an 
m. times .m switch and has m incoming lines and m outgoing lines . 

15 Each of the switches SW33-1 through SW33-n is a 2m. times .m switch 
and has 2m incoming lines and m outgoing lines . 

The number of the m. times . 2m switches at the first stage 
is n, the number of the m. times. m switches at the second stage 
is 2n, and the number of the 2m. times. m switches at the third 

20 stage is n. Therefore, the total number of the m. times. 2m 
switches included in the spatial switch SW30 is 2n (the switches 
located at the first and third stages are the same) and the 
total number of the m. times, m switches included in the spatial 
switch SW30 is 2n. 

25 The switch SW31-1 at the first stage has 2m outgoing 

lines . These outgoing lines are bundled by (m/n) s (m/n is an 
integer) and are connected to the switches SW32-1 through SW32-n, 
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respecbively , at the second stage. Similarly, the outgoing 
lines from the switches SW31-2 through SW31-n are connected 
to the switches SW32-1 through SW32-2n at the second stage. 

The switch SW32-1 at the second stage has m outgoing 
5 lines . These outgoing lines are bundled by (m/n) s and are 
connected to the switches SW33-1 through SW33-n, respectively, 
at the third stage. Similarly, the outgoing lines from the 
switches SW32-2 through SW32-n are connected to the switches 
SW33-1 through SW33-n at the third stage. 

10 A unit switch at the first stage has 2m outgoing lines, 

so the nimiber of paths which go from the unit switch at the 
first stage to the 2n switches SW32-1 through SW32-2n at the 
second stage Is 2m. In addition, a unit switch at the third 
stage has 2m Incoming lines, so the number of paths which go 

15 from each of the 2n switches SW32-1 through SW32-2n at the second 
stage to the unit switch at the third stage Is 2m. 

Therefore, even when outgoing lines corresponding to 
(m-1) Incoming lines have been established In the switch at 
the first stage and outgoing lines corresponding to (m-1) 

20 Incoming lines have been established In the switch at the third 
stage, (m+1) (obtained by subtracting (m-1) from 2m) paths can 
be set from the first stage to the third stage. This means that 
the spatial switch SW30 Is of a non-blocking type. 

Fig . 30 shows the structure of a non-blocking type spatial 

25 switch. A spatial switch SW40, being a modification of the 
spatial switch SW20 shown In Fig . 28 , has a three-stage structure . 
The spatial switch SW40 Is an (m . times . n) . times . (m . times . n) 



switch (m and n are even numbers) Including swl'bches SW41-1 
through SW41-n at the first stage , switches SW42-1 through SW42-n 
at the second stage, and switches SW43-1 through SW43-n at the 
third stage. Each of the switches SW41-1 through SW41-n Is an 
m . times . 2m switch and has m Incoming lines and 2m outgoing lines . 
Each of the switches SW42-1 through SW42-n Is a 2m. times. 2m 
switch and has 2m Incoming lines and 2m outgoing lines. Each 
of the switches SW43-1 through SW43-n Is a 2m. times. m switch 
and has 2m Incoming lines and m outgoing lines . 

The number of the m. times . 2m switches at the first stage 
Is n, the number of the 2m. times .2m switches at the second stage 
Is n, and the niimber of the 2m. times. m switches at the third 
stage Is n. Therefore, the total number of the m.tdLmes.2m 
switches Included In the spatial switch SW40 Is 2n (the switches 
located at the first and third stages are the same) and the 
total number of the 2m. times . 2m switches Included In the spatial 
switch SW40 Is n (the number of the switches Included In the 
spatial switch SW40 Is smaller than that of the switches Included 
In the spatial switch SW30 shown In Fig. 29) . 

The switch SW41-1 at the first stage has 2m outgoing 
lines. These outgoing lines are bundled by (2m/n) s (2m/n Is 
an Integer) and are connected to the switches SW42-1 through 
SW42-n, respectively, at the second stage. Similarly, the 
outgoing lines from the switches SW41-2 through SW41-n are 
connected to the switches SW42-1 through SW42-n at the second 
stage . 

The switch SW42-1 at the second stage has 2m outgoing 
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lines. These outgoing lines are bundled by (2m/n) s and are 
connected to the swl'tches SW43'-1 through SW43-n, respectively, 
at the third stage. Similarly, the outgoing lines from the 
switches SW42-2 through SW42-n are connected to the switches 
5 SW43-1 through SW43-n at the third stage. 

A unit switch at the first stage has 2m outgoing lines, 
so the number of paths which go from the unit switch at the 
first stage to the n switches SW42-1 through SW42-n at the second 
stage Is 2m. In addition, a unit switch at the third stage has 

10 2m Incoming lines, so the number of paths which go from each 
of the n switches SW42-1 through SW42-n at the second stage 
to the unit switch at the third stage Is 2m. 

Therefore, even when outgoing lines corresponding to 
(m-1) Incoming lines have been established In the switch at 

15 the first stage and outgoing lines corresponding to (m-1) 
Incoming lines have been established In the switch at the third 
stage, (m+1) (obtained by subtracting (m-1) from 2m) paths can 
be set from the first stage to the third stage. This means that 
the spatial switch SW40 Is of a non-blocking type. 

20 Next, the structure and operation of a X-XC apparatus 

Including non-blocking type switches , according to the present 
Invention, will be described. Fig. 31 shows the structure of 
a non -blocking type X-XC apparatus . A X-XC apparatus 3 performs 
completely non -blocking optical cross-connection If m > n , where 

25 m Is the number of wavelength Xl through Xm contained In each 
WDM Input optical signal and n Is the number of WDM Input optical 
signals. The spatial switch 40 of a non-blocking type shown 
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in Fig . 30 , -that: is to say, the switching theory of a non -blocking 
type spatial switch is applied to the X-XC apparatus 3 . 

The X-XC apparatus 3 comprises wavelength converters 
31-1 through 31-n, a wavelength switching section 40 , wavelength 
conversion and pulse width expansion sections 32-1 through 32-n , 
a wavelength switching section 50, and wavelength conversion 
and pulse width expansion sections 33-1 through 33-n. 

The wavelength switching section 40 includes 
demultiplexers 41-1 through 41-n, optical signal processing 
sections 42-1-1 through 42-l-2m for processing a WDMl optical 
signal, optical signal processing sections 42-2-1 through 
42-2-2m (not shown) for processing a WDM2 optical signal, 
optical signal processing sections 42-(n-l)-l through 

42- (n-l)-2m (not shown) for process ing a mDM(n-l) optical signal , 
optical signal processing sections 42-n-l through 42-n-2m (not 
shown) for processing a WDMn optical signal,, and multiplexers 

43- 1 through 43-n. 

The wavelength switching section 50 includes 
demultiplexers 51-1 through 51-n, optical signal processing 
sections 52-1-1 through 52-l-2m for processing the WDMl optical 
signal, optical signal processing sections 52-2-1 through 
52-2-2m (not shown) for processing the 'WDM2 optical signal, 
... , optical signal processing sections 52-(n-l)-l through 
52-(n-l)-2m (not shown) for processing the WDM(n-l) optical 
signal, optical signal processing sections 52-n-l through 
52-n-2m (not shown) for processing the WDMn optical signal, 
and multiplexers 53-1 through 53-n. 
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The number of t:he components Is as follows . The number 
of the WDM Input optical signals Is n, so the n wavelength 
converters 31 , the n demultiplexers 41 , the n demultiplexers 
51, the n wavelength conversion and pulse width expansion 
5 sections 32 , the n wavelength conversion and pulse width 
expansion sections 33, the n multiplexers 43, and the n 
multiplexers 53 are included. The wavelength converters 31 and 
the wavelength conversion and pulse width expansion sections 
32 in the X-XC apparatus 3 convert the wavelength Xl through 

10 Am contained in the WDM input optical signals into Xl through 
X2m (the number of wavelengths in the apparatus is set to a 
value twice the number of the wavelengths contained in each 
input signal.) Accordingly, the 2m optical signal processing 
sections 42-1 for the WDMl signal, the 2m optical signal 

15 processing sections 42-2 for the WDM2 signal, and the 2m 
optical signal processing sections 42 -n for the WDMn signal 
are included . As a result , the total number of the optical signal 
processing sections 42 included is (2m x n) . 

Similarly, the 2m optical signal processing sections 

20 52-1, the 2m optical signal processing sections 52-2, ... , and 
the 2m optical signal processing sections 52-n are included. 
Therefore, the total niimber of the optical signal processing 
sections 52 included is (2m x n) . 

Connection relations between the optical signal 

25 processing sections 42 and the multiplexers 43 and between the 
optical signal processing sections 52 and the multiplexers 53 
will now be described. Output fibers from the optical signal 
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processing sections 42 are connected -to -the mult:lplexers 43 
by (2m/n) s (2m/n Is an In-teger) for each of WDMl through WDMn. 
Similarly, output fibers from the optical signal processing 
sections 52 are connected te the multiplexers 53 by (2m/n) s 
5 for each of WDMl tiirough WDMn . (For the sake of simplicity each 
thick solid line shown In Fig. 31 Indicates t:hat 2m/n fibers 
and the same number of optical signal processing sections are 
located . ) 

For example, output fibers from the optical signal 
10 processing sections 42-1-1 through 42-1- (2m/n) for processing 
the WDMl signal , output fibers from the optical signal processing 
sections 42-2-1 through 42-2- (2m/n) (not shown) at the second 
stage for processing the WDM2 signal, and output fibers from 
the optical signal processing sections 42-n-l through 
15 42-n- (2m/n) (not shown) at the final stage for processing the 
WDMci signal are connected to the multiplexer 43-1. 

Fig. 32 shows connection relations between optical 
signal processing sections and multiplexers . Fig. 32 Is a view 
for Intelligibly describing connection relations between 
20 optical signal processing sections and multiplexers . A simple 
case where n = 2 and m = 2 Is given. 

In this case, 2m/n = 2 . Accordingly, output fibers from 
the optical signal processing sections 42-1-1 through 42-1-4 
and 42-2-1 through 42-2-4 are connected to the multiplexers 
25 43-1 and 43-2 by twos (= 2m/n) for each of WDMl and WDM2 . 

That Is to say, the two output fibers from the optical 
signal processing sections 42-1-1 and 42-1-2 are connected to 
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"the mul-klplexer 43-1 and the two output fibers from the optical 
signal processing sections 42-1-3 and 42-1-4 are connected to 
the multiplexer 43-2. Similarly, the two output fibers from 
the optical signal processing sections 42-2-1 and 42-2-2 are 
5 connected to the multiplexer 43-1 and the two output fibers 
from the optical signal processing sections 42-2-3 and 42-2-4 
are connected to the multiplexer 43-2 . The same applies to 
connection relations between the optical signal processing 
sections 52 and the multiplexers 53. 

10 The operation will now be described. The wavelength 

converters 31-1 through 31-n convert the wavelengths contained 
in the input optical signals into wavelengths Xl through 

X2m. The demultiplexers 41-1 through 41-n separate the 
wavelength -converted optical signals into different 

15 wavelengths . The optical signal processing sections 42 perform 
wavelength conversion, pulse width compression, and phase shift 
processes on the input optical signals with the different 
wavelengths. In this example, the optical signal processing 
sections 42 convert the wavelength of each of the d^nultiplexed 

20 optical signals into one of wavelengths Xl through Xn. Then 
the optical signal processing sections 42 perform the pulse 
width compression processes by the use of the time division 
number 2m (a time division number in the X-XC apparatus 1 and 
2 is m, but a time division number in the X-XC apparatus 3 and 

25 a X-XC apparatus 4 described later is 2m) , and perform phase 
shift processes so that the phases of a plurality of compressed 
signals will not be the same. 

55 



The muli:iplexers -43-1 -bhrough 43-n combine t:he 
phase-shif "bed optical signals. For example, the multiplexer 
43-1 collects and combines only pulses with the wavelength Xl 
and the multiplexer 43-n collects and combines only pulses with 
5 the wavelength Xn. The wavelength conversion and pulse width 
expansion sections 32-1 through 32 -n convert the wavelengths 
contained In the signals outputted from the wavelength switching 
section 40 Into Xl through Tan. and e^^and the pulse width of 
these signals . 

10 The demultiplexers 51-1 through 51-n separate the 

signals outputted from the wavelength conversion andpulse width 
expansion sections 32-1 through 32 -n Into different wavelengths . 
The optical signal processing sections 52 perform wavelength 
conversion, pulse width compression, and phase shift processes 

15 on the Input optical signals with the different wavelengths. 
The optical signal processing sections 52 convert the wavelength 
of each of the demultiplexed optical signals into one of 
wavelengths Xl through Xn. Then the optical signal processing 
sections 52 perform the pulse width compression processes by 

20 the use of the time division number 2m, and perform phase shift 
processes so that the phases of a plurality of compressed signals 
will not be the same . This is the same with the optical signal 
processing sections 42 . 

The multiplexers 53-1 through 53-n combine the 

25 phase-shifted optical signals. For example, the multiplexer 
53-1 collects and combines only pulses with the wavelength Xl 
and the multiplexer 53-n collects and combines only pulses with 
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'the wavelength Xn . The wavelength conversion and pulse width 
expansion sections 33-1 through 33-n convert the wavelengths 
contained in the signals outputted from the wavelength switching 
section 50 into Xl through Xxa, expand the pulse width of these 
5 signals, and send the V9DM signals after the optical 
cross-connection process . 

As stated above , the X-XC apparatus 3 according to the 
present invention includes the two wavelength switching sections 
40 and 50. In the first wavelength switching section 40, the 

10 input optical signals are separated into the 2m different 
wavelengths by the demultiplexers, the pulse width conipression 
processes are perf ormed on these signals by the use of the time 
division number 2m, and the compressed signals are assigned 
to Xl through Xn by (2m/n) s . These compressed signals are sent 

15 to the demultiplexers in the second wavelength switching section 
50 via the wavelength conversion and pulse width expansion 
sections 32-1 through 32-n. 

As a result, the X-XC apparatus 3 is equal in structure 
to tiie spatial switch SW40 shown in Fig. 30 and therefore can 

20 perform non-blocking type switching (optical 

cross-connection) . 

Figs . 33 and 34 show the correspondence between the X-XC 
apparatus 3 and the spatial switch SW40 . An area A in the X-XC 
apparatus 3 from the input side of the wavelength converters 

25 31 to the output side of the optical signal processing sections 
42 corresponds to the m. times. 2m switches at the first stage 
in the spatial switch SW40 . An area B from the input side of 
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t:he muli:iplexers 43 to tJie oui:pu'b s±de of -the op'blcal signal 
processing sect:±ons 52 corresponds i:o 'the 2m. 'times . 2m switches 
at the second stage in the spatial switch SW40. An area C from 
the input side of the optical signal processing sections 52 
5 to the output side of the wavelength conversion and pulse width 
expansion sections 33 corresponds to the 2m. times. m switches 
at the third stage in the spatial switch SW40. 

One physical input line wyti is connected to each 
demultiplexer 41 in the X-XC apparatus 3, but the m wavelengths 

10 X.1 through }aa are multiplexed. Therefore, by taking the number 
of the wavelengths multiplexed into consideration , one physical 
input line can be considered m signal input lines . This number 
is equal to that of the incoming lines of each m. times .2m switch 
in an area a in the spatial switch SW40 . 

15 Output fibers from each of the optical signal processing 

sections 42 are bundled by (2m/n) s and are connected to the 
n multiplexers 43, respectively. This is the same as the 
correspondence in an area b in the spatial switch SW40 between 
the outgoing lines of the m. times. 2m switches and the incoming 

20 lines of the 2m. times. 2m switches. 

Output fibers from each of the optical signal processing 
sections 52 are bundled by (2m/n) s and are connected to the 
n multiplexers 53, respectively. This is the same as the 
correspondence in an area c in the spatial switch SW40 between 

25 the outgoing lines of the 2m. times . 2m switches and the incoming 
lines of the 2m. times. m switches. 

One physical output line WDM is connected to each 
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wavelength conversxon and pulse wid-bh expansion secblon 33 In 
the X-XC apparatus 3, but the m wavelengths Xl through Xm are 
multiplexed. Accordingly, by taking the number of wavelengths 
multiplexed into consideration, one physical output line can 
5 be considered m signal output lines . This number is equal to 
that of the outgoing lines of each 2m. times. m switch in an area 
d in the spatial switch SW40 . That is to say, the X-XC apparatus 
3 is equal to the spatial switch SW40 in structure and therefore 
is a non-blocking type switch. 

10 A X-XC apparatus which performs non -blocking type 

switching under the condition of m ^ n will now be described. 
Fig . 35 shows the structure of a non -blocking type X-XC apparatus . 
A X-XC apparatus 4 performs completely non-blocking optical 
cross-connection if m ^ n, where m is the number of wavelengths 

15 Xl through Xm contained in each WDM input optical signal and 
n is the number of WDM input optical signals . The spatial switch 
40 of a non-blocking type shown in Fig. 30 is applied to the 
X-XC apparatus 4 . 

The X-XC apparatus 4 comprises wavelength converters 

20 41-1 through 41-n, a wavelength switching section 60 , wavelength 
conversion and pulse width expansion sections 42-1 through 42-n, 
a wavelength switching section 70, and wavelength conversion 
and pulse width expansion sections 43-1 through 43-n. 

The wavelength switching section 60 includes 

25 demultiplexers 61-1 through 61-n, optical signal processing 
sections 62-1-1 through 62-1-n for processing a WDMl optical 
signal, optical signal processing sections 62-2-1 through 62-2 -n 
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(not, shown) for processing a WDM2 op'bical signal, ... , op-tlcal 
signal processing sections 62-(n-l)-l through 62-(n-l)-n (not 
shown) for processing a WDM (n-1) optical signal, optical signal 
processing sections 62-n-l through 62-n'-n for processing a WDMh 
5 optical signal, and multiplexers 63-1 "through 63-n. 

The wavelengt:h switching section 70 Includes 
demultiplexers 71-1 tlirough 71-n, optical signal processing 
sections 72-1-1 through 72-1-n for processing the WDMl optical 
signal, optical signal processing sections 72-2-1 through 72-2-n 

10 (not shown) for processing the WDM2 optical signal,..., optical 
signal processing sections 72-(n-l)-l through 72-(n-l)-n (not 
shown) for processing the WDM(n-l) optical signal , optical 
signal processing sections 72-n-l through 72-n-n for processing 
the WDMn optical signal, and multiplexers 73-1 through 73-n. 

15 The number of the components Is as follows . The number 

of the WDM Input optical signals Is n, so the n wavelength 
converters 41, the n demultiplexers 61, the n demultiplexers 
71, the n wavelength conversion and pulse width e3q>anslon 
sections 42 , the n wavelength conversion and pulse width 

20 expansion sections 43, the n multiplexers 63, and the n 
multiplexers 73 are Included. 

The wavelengtJx converters 41 and the wavelength 
conversion and pulse width expansion sections 42 In the X-XC 
apparatus 4 convert t:he wavelength Xl through Xm contained In 

25 the WDM Input op-tlcal signals Into the wavelength Xl through 
Xn (m^n) . Accordingly, then optical signal processing sections 
62-1 for theWDMl signal , the n optical signal processing sections 
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62-2 for 'them)M2 signal, ... , and tihe n optical signal processing 
sections 62 -n for i:he WDMn signal are Included. As a result, 
the total number of t:he optical signal processing sections 62 
Included Is (n x n) . Slzollarly , the n optical signal processing 
5 sections 72-1, the n op-tlcal signal processing sections 72-2, 
... , and the n optical signal processing sections 72 -n are Included . 
Therefore, the total number of the optical signal processing 
sect:lons 72 Included Is (n x n) . 

Connection relations between the optical signal 

10 processing sections 62 and the multiplexers 63 and between t:he 
op'tlcal signal processing sections 72 and the multiplexers 73 
will now be described. Output fibers from the opt:lcal signal 
processing sections 62 are connected to the multiplexers 63 
onaone-to-onebasls . Similarly, output fibers f rom theopt:lcal 

15 signal processing sections 72 are connected to -the multiplexers 
73 on a one-to-one basis . 

For example, an output fiber from the optical signal 
processing section 62-1-1 for processing the WDMl signal, an 
ou'tput: fiber from the optical signal processing section 62-2-1 

20 (not shown) at the second stage for processing the WDM2 signal, 
and an output fiber from the optical signal processing section 
62-n-l (hot shown) at: tJie final s-tage for processing the WDMn 
signal are connected to the multiplexer 63-1 . 

The operation will now be described. The wavelength 

25 converters 41-1 through 41-n convert the wavelengths contained 
In the WDM Input optical signals Into wavelengths Kl through 
Xn. The demultiplexers 61-1 through 61-n separate the 
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wavelengt:h-convert:ed opt:ical signals lnt:o different: 
waveleng'ths . 

The opi::lcal signal processing sections 62 convert: the 
wavelength of each of the demul'tlplexed optical signals Into 
5 one of wavelengths Xl through Xn. Then t:he op-tlcal signal 
processing sections 62 perform pulse wld-th compression by the 
use of -the -time division nimiber 2m, and perform phase shlft:s 
so tha^ the phases of a plurality of compressed signals will 
not be t:he same. The multiplexers 63-1 through 63-n combine 

10 the phase-shifted optical signals . 

The wavelength conversion and pulse width es^anslon 
sections 42-1 t:hrough 42 -n conver't the wavelengths con-talned 
In t:he signals outputted from the wavelength switching section 
60 Into Xl through Xm and es^and the pulse wldtJi of t:hese signals . 

15 The demultiplexers 71-1 through 71-n separate the signals 
outputted from the wavelength conversion and pulse width 
expansion sect:lons 42-1 through 42-n Into different: wavelengths . 
The opt:lcal signal processing sections 72 convert the wavelength 
of each of the demultiplexed optical signals Into one of 

20 wavelengths Xl through Xn. Then the optical signal processing 
sections 72 perform pulse width compression by the use of -the 
time division number 2m, and perform phase shlft:s so that the 
phases of a plurality of compressed signals will not be the 
same . 

25 The mul-tlplexers 73-1 through 73-n combine -the 

phase-shifted optical signals. The wavelength conversion and 
pulse width expansion sections 43-1 through 43-n convert the 
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waveleng-bhs cont:a±ned ±n 1:he signals ou^u^-ted from 'the 
waveleng-bh switching section 70 Into Xl through Xm and expand 
the pulse width of -these signals . 

As st:a'ted above, the X-XC apparatus 4 according t:o the 
5 present Inven-tlon Includes the two wavelength swlt:chlng sections 
60 and 70. In the first wavelength switching section 60, the 
Input opt:lcal signals are separated In-to the n different 
wavelengths by the demultiplexers, the pulse wldtJi compression 
processes are performed on these signals by the use of the time 

10 division number 2m, and the compressed signals are assigned 
to Xl through Xn. These cosipressed signals are sen-t to t:he 
demultiplexers In the second wavelengt:h switching section 70 
via the wavelength conversion and pulse width expansion sections 
42-1 through 42 -n. 

15 As a result:, tJie X-XC apparatus 4 Is equal In s-tructure 

to the spatial swlt:ch SW40 shown In Fig. 30 and therefore can 
perform non-blocking t:ype switching (optical 

cross-connection) . 

Figs . 36 and 37 show the correspondence between the X-XC 

20 apparatus 4 and the spatial switch SW40 . An area A In the X-XC 
apparatus 4 from the Input side of the wavelength converters 
41 to the output side of the optical signal processing sections 
62 corresponds to the m. times. 2m switches at the first stage 
in the spatial switch SW40 . An area B from the input side of 

25 the multiplexers 63 to the output side of the optical signal 
processing sections 72 corresponds to the 2m. times. 2m switches 
at the second stage in the spatial switch SW40 . An area C from 
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"the Input side of 'the optical signal processing sections 72 
to the output side of the wavelength conversion and pulse width 
expansion sections 43 corresponds to the 2m. times .m switches 
at the third stage In the spatial switch SW40 . 
5 One physical Input line Is connected to each 

wavelength converter 41 In the X-XC apparatus 4, but the m 
wavelengths Xl through Xm are multiplexed . Therefore , by taking 
the number of the wavelengths multiplexed Into consideration, 
one physical Input line can be considered m signal Input lines . 

10 This niuober Is ecjual to that of the Incoming lines of each 
m. times. 2m switch In an area a In the spatial switch SW40 . 

Output fibers from each of the optical signal processing 
sections 62 are connected to the n multiplexers 63 respectively. 
The number of the physical output lines from the optical signal 

15 processing sections 62-1-1 through 62'-l-n Is n and the number 
of the physical Input lines to the multiplexer 63-1 is n (the 
same applies to the other optical signal processing sections 
andmultlplexers) . However, the time division number 2m Is used, 
so this Is the same as the correspondence In an area b In the 

20 spatial switch SW40 between the outgoing lines of the m . times . 2m 
switches and the Incoming lines of the 2m. times. 2m switches. 

In this example, the condition of m ^ n Is given. It 
Is assumed that m = 10 and n = 10 and that the pulse width of 
an input signal is 100 ps . The wavelength converter 41-1 

25 converts Xl through }ja (Xl through XlO) contained in the input 
signal into Xl through Xn (Xl through XlO) . The demultiplexer 
61-1 separates the wavelength -converted signal into the ten 
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waveleng'ths . 

The optical signal processing sections 62-1-1 through 
62-1-10 perform wavelength conversions , pulse width compression , 
and phase shifts on the ten demultiplexed signals . In this case , 
5 the time division number 2m (=20) is used, so the width of 
one compressed pulse is 5 ps . Therefore, in the phase shift 
process, there are twenty methods of locating the phase of a 
5 -picosecond compressed pulse in a period of 100 ps . This number 
is equal to the ntimber 2m (=20) of the outgoing lines of each 

10 m. times. 2m switch. 

That is to say, if the phases of 10-picosecond pulses 
(the time division number 10 is used) are shifted in a period 
of 100 ps and are outputted from the ten output lines of the 
optical signal processing sections 62-1-1 through 62-1-10, then 

15 the number of the output lines remains the same. However, if 
the phases of 5-picosecond pulses (the time division number 
20 is used) are shifted in a period of 100 ps and are outputted, 
then the niomber of the output lines may be considered twenty. 

Xn addition , a period of 10 ps can be allotted for output 

20 from each of the optical signal processing sections 62-1-1 
through 62-1-10, so there are two methods of locating a 
5-picosecond pulse. Therefore, each of the optical signal 
processing sections 62-1-1 through 62-1-10 may be regarded as 
having two (= 2m/n = 2 x 10/10) output lines. Descriptions of 

25 areas c and d in the spatial switch SW40 will be omitted because 
the descriptions of the area b and a apply to the areas c and 
d respectively. 
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The forecast of the perforzaance of a X-XC apparatus of 
a coxiiplet:elY non-blocking type will now be described. It Is 
assumed that each of signals wavelength-converted by the 
wavelength converters 31 In the X-XC apparatus 3 contains 2,000 
5 wavelengths and that the time division number 2,000 Is used. 
As a result of the wavelength conversions by the wavelength 
converters 31 , the number of wavelengths contained In each Input 
optical signal doubles. Accordingly, In this case, the number 
of wavelengths contained In each optical signal Inputted to 

10 the X-XC apparatus 3 Is 1,000. The width of each compressed 
pulse Is 50 fs (= 100 ps/2000) . 

No less than 1,000 compressed pulses with different 
wavelengths will be multiplexed Into some optical fibers In 
the X-XC apparatus 3. Fig. 38 shows the spread of a modulation 

15 band for a conipressed pulse. It Is assumed that a thousand 
wavelengths separatedby 10 GHz are multiplexed . Then a thousand 
compressed pulses with different wavelengths Xl through XlOOO 
will occupy a band of 10 THz (= 10 GHz x 1000) . 

However, If the pulse width of one wavelength signal 

20 Is compressed Into 50 fs, an actual modulation band for the 
coxnpressed pulse Is 20 THz (the modulation band 10 GHz for the 
wavelength signal with a pulse width of 100 ps at Input time 
expands to 20 THz If the pulse width of the wavelength signal 
Is compressed Into 50 f s) . 

25 To find out a modulation band occupied by all of the 

thousand compressed pulses with the different wavelengths 
separated by 10 GHz , the spread of modulation bands for the 
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shortest wavelength Xl and the longest wavelength XlOOO should 
be observed. The spread of modulation bands for the shortest 
wavelength Xl and the longest wavelength XlOOO is shown in Fig. 
38 . Therefore , a modulation band occupied by all of the thousand 
5 compressed pulses is 50 THz . 

An optical fiber band is 50 THz, so the modulation band 
occupied by all of the thousand conipressed pulses falls in the 
optical fiber band. That is to say, even with the X-XC apparatus 
3 of a completely non -blocking type in which the number of 

10 wavelengths is the most, optical cross-connection of input 
optical signals each containing a thousand different wavelengths 
can be performed by the use of the time division number 2 , 000 
in the optical fiber band. 

On the other hand, the X-XC apparatus 4 performs 

15 completely non -blocking optical cross-connection if m s n , where 
m is the number of wavelengthn contained in each WDM input optical 
signal and n is the number of WDM input optical signals . If 
m = 1,000 and n ~ 1,000, then the X-XC apparatus 4 provides 
a throughput of 10 Pbits/s (= 1,000 x 1,000 x 10 Gbits/s) . That 

20 is to say, the X-XC apparatus 4 can achieve a throughput higher 
than or equal to 1 Pbits/s and realize completely non-blocking 
optical cross-connection . 

As has been described in the foregoing, with the optical 
cross-connect apparatus according to the present invention, 

25 wavelength conversions, pulse width compression, and phase 
shifts are performed on WDM input signals, the signals are 
distributed according to wavelengths by the wavelength switching 
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sec-bxons each Including passive optical devices, wavelength 
conversions and pulse width expansion are performed on the 
distributed optical signals, and WDM signals are outputted. 
As a result, high throughput can be realized In optical 
cross-connection by performing large-scale switching. 

The foregoing Is considered as Illustrative only of the 
principles of the present Invention. Further, since numerous 
modifications and changes will readily occur to those skilled 
In the art. It Is not desired to limit the Invention to the 
exact construction and applications shown and described, and 
accordingly, all suitable modifications and equivalents may 
be regarded as falling within the scope of the Invention In 
the appended claims and their equivalents . 
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